
  
 

 

 

 
 
 
Supplementary Figure 1 | Comparison of the overall structures of GH31 members 
rhGAA and NtMGAM. Cartoon representation of the structure of rhGAA, colour coded as 
in Fig. 2c, overlaid onto a cartoon representation of the structure of NtMGAM in grey (PDB 
ID 2QLY). The glycan chains present on rhGAA are depicted as sticks in grey. 
 
 

  



 

 

 

Supplementary Figure 2 | Stereoimages of glycan chains decorating the rhGAA 
structure. Stick representation of glycan structures and the Asn residues they are attached to 
with weighted 2Fo-Fc electron density maps contoured at 1.0 σ shown in blue.  a, Glycan 
chain bound to N140. b, Glycan chain bound to N233. c, Glycan chain bound to N390. d, 
Glycan chain bound to N470. e, Glycan chain bound to N652. 
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Supplementary Figure 3 | Comparison of ligand binding to rhGAA, NtMGAM and 
CtMGAM and substrate specificity of rhGAA. a, Overlap of active site residues binding 
NHE-DNJ (orange) in rhGAA (green and magenta carbon atoms) with active site residues 
binding NHE-DNJ in NtMGAM (wheat) (PDB ID 3L4W). Due to the bulky hydroxyethyl N-
substitution on NHE-DNJ, in both complexes the Trp and Met residues corresponding to 
rhGAA positions 481 and 519, respectively, move away from the active site with respect to 
unbound rhGAA (grey) and unbound NtMGAM (purple). b, Overlap of the DNJ-rhGAA 
complex (purple sticks) onto acarbose (orange) bound to rhGAA (colour coded as in Fig. 2c). 
c, Acarbose binding to rhGAA (colour coded as in Fig. 2c) compared to acarbose binding to 
NtMGAM in wheat (PDB ID 2QMJ)  and the C-terminal domain of MGAM (CtMGAM) in 
steelblue (PDB ID 3TOP). Despite the paucity of contacts in substrate binding subsites +2 and 
+3, the overall pose of acarbose bound to rhGAA is identical to the one of acarbose bound to 
NtMGAM. Insert I of CtMGAM contains an additional α-helix of 21 residues, which provides 
supplementary hydrogen bonds to the sugar units in subsite +2 and +31, accounting for the 
preference of CtMGAM for longer substrates and a different pose of acarbose as compared to 
the one adopted in rhGAA and NtMGAM.  
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Supplementary Figure 4 | The trefoil type-P domain. a, Sequence alignment of trefoil 
type-P domains of members of glycoside hydrolase family GH31. NCBI Genbank accession 
numbers are provided in parentheses and N-terminal and C-terminal domain are indicated 
were appropriate. Homo sapiens GAA (AAA52506.1), Pongo abelii hypothetical protein 
(CAH92351.1), Macaca mulatta lysosomal α-glucosidase (AFE67011.1), Mus musculus 
lysosomal α-glucosidase (AAB06943), Rattus norvegicus acidic α-glucosidase 
(AAH61753.1), Mustela putorius furo acid α-glucosidase (AER98854.1),  Bos taurus acidic 
α-glucosidase (AAF81636.1), Oryctolagus cuniculus sucrase-isomaltase (AAA31459.1), 
Homo sapiens sucrase-isomaltase (AAI15035.1), Felis catus sucrase-isomaltase 
(BAG16411.1), Rattus norvegicus sucrase-isomaltase (AAA65097.1), Mus musculus 129/Sv 
sucrase-isomaltase (ACH86012.1), Suncus murinus sucrase-isomaltase (BAA25370.1), Mus 
musculus maltase-glucoamylase (ACH86011.1), Homo sapiens maltase-glucoamylase 
(AAC39568.2), Callorhinchus milii maltase-glucoamylase (AFO93797.1). The sequence 
segment unique to the lysosomal representatives of family GH31, and removed during 
maturation of GAA2, is boxed in green. Secondary structure elements are shown at the top of 
the alignment and cysteine residues involved in disulphide bridge formation are marked in 
green at the bottom of the alignment. b, Stereoimage of a structural overlap of the trefoil type-
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P domains of rhGAA in salmon, NtMGAM (PDB ID 2QLY) in wheat, CtMGAM (PDB ID 
3TON) in steelblue and the N-terminal domain of SI, NtSI (PDB ID 3LPO), in yellow. The 
rhGAA trefoil Type-P domain is stabilized by three disulphide bridges, two of which are 
conserved amongst the human intestinal homologues. The disulphide bond corresponding to 
rhGAA C82-C109 is not conserved in CtMGAM, where the residue corresponding to rhGAA 
C82 is replaced by an Ile residue, and in the structure of NtMGAM, where it could not be 
modelled because of disorder of the N-terminal region3. The acarvosine moiety bound to 
rhGAA is depicted in blue sticks.  

  



 

 

 

 

 

 

 

 

Supplementary Figure 5 | Overall location of the secondary substrate-binding domain. 
Cartoon overlap of the rhGAA-acarbose complex, colour coded as in Fig. 2c, and the 
acarbose complex of Gracilariopsis lemaneiformis α-1,4-glucan lyase, GLase (PDB ID 2X2I), 
colour coded in grey. Carbon atoms of the acarvosine unit bound to rhGAA are coloured in 
orange and carbon atoms of the trisaccharide derived from acarbose bound to α-1,4-glucan 
lyase are colour coded in cyan. The insert shows a close-up view. GLase is devoid of a trefoil 
type-P domain (salmon) and the trisaccharide is bound to the N-terminal β-sheet domain. 
  



 

 

 
 

 

 

Supplementary Figure 6 | Analysis of the effect of pharmacological chaperones. a, 
Thermal scans of the rhGAA precursor and matured forms in presence of the pharmacological 
chaperone NAC. b, Thermal scans of α-glucosidase from rice in presence of the 
pharmacological chaperones NAC and DNJ. c, Determination of the interaction rhGAA-NAC 
by differential scanning fluorimetry. Thermal scans were performed in triplicate and 
fluorescence was normalized to the maximum value within each scan to obtain relative 
fluorescence. Melting temperatures were calculated according to Niesen et al., 20074. The 
standard deviations for each melting temperature were calculated from three replicates. For 
the determination of the dissociation constant (KD) of NAC experimental data were best fitted 
according to a simple cooperative model equation reported in Vivoli et al., 20145. 
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Supplementary Figure 7 | The stabilizing function of NAC. Stick representation of 
residues located in the vicinity of the NAC binding sites colour coded by B-factor variance. 
Carbon atoms of NAC are represented in orange. a, Fully occupied NAC1 binding site in the 
rhGAA-NAC complex. b, Region corresponding to a, in the unbound rhGAA structure. c, 
Partially occupied NAC2 binding site in the rhGAA-NAC complex. d, Region corresponding 
to c, in the unbound rhGAA structure. The B-factors of unbound rhGAA have been 
normalized by subtraction of 7.45 Å2 from each individual atomic B-factor according to the 
overall B-factors difference as outlined in Table 1.  
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Supplementary Figure 8 | The anti-oxidative effect of NAC. a, C938 is oxidized to the 
sulfenic acid form upon exposure to X-rays, except for the b, rhGAA-NAC complex, where 
NAC exercised an anti-oxidative effect. Stereoimage of stick representation of residues I937, 
C938 and V939 from rhGAA and from the rhGAA-NAC complex with weighted 2Fo-Fc 
electron density maps, contoured at 1.5 σ, shown in blue and Fo-Fc difference electron 
density maps (calculated for models prior modification of C938 to the sulfenic acid form) 
contoured at 4.0 σ shown in green. 
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Supplementary Figure 9 | GAA mutants responsive to NAC. Cartoon representation of 
rhGAA colour coded as in Fig. 2c, with selected residues shown as sticks. a, A445 and F487 
are located at the boundaries of insert I. The A445P mutant, where insert I is probably 
destabilized, is responsive to NAC. b, Y455 stabilizes via a hydrogen bond a long surface 
loop in the vicinity of the active site. The Y455F mutant, where this contact is abolished, is 
responsive to NAC. c, L552 on insert II establishes hydrophobic contacts with the N-terminal 
β-sheet domain. The L552P mutant, where this interaction is probably perturbed, is 
responsive to NAC. 
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Supplementary Table 1 | GAA missense mutations associated with Pompe disease 

Mutation ASA* 
% B/E# Structural consequences Ref. 

C103G 
0 B loss of stabilizing disulfide bridge and/or severe structure perturbation due to steric 

clash caused by the introduction of bulky side-chain 

6  

C103R 7  

C108G 7 B loss of stabilizing disulfide bridge 7  

C127F 3 B loss of stabilizing disulfide bridge and severe structure perturbation due to steric clash 
caused by the introduction of bulky side-chain 

7  

L141M 41 E steric clash due to increased size of side-chain and destabilization of  hydrophobic core 8  

R154P 3 B 
loss of large basic side-chain making stabilizing H-bonds with three main-chain 
carbonyl groups; main-chain geometry distortion and steric clash caused by 
introduction of proline 

9  

R168Q 43 E loss of large basic side-chain establishing stabilizing H-bonds with acidic side-chain - 
altered H-bonding network 

10  

L169P 0 B β-strand main-chain torsion angles incompatible with proline geometry 11  

R178H 20 B loss of large basic side-chain establishing stabilizing H-bond with acidic side-chain  12  

R190H 12 B loss of large basic side-chain making stabilizing H-bonds with acidic side-chain and 
two main-chain carbonyl groups 

13 

Y191C 14 B loss of large side-chain participating in stabilizing H-bond and inter-domain π-stacking 
interactions 

14  

L208P 25 B main-chain torsion angle distortion and loss of stabilizing H-bond between main-chain 
nitrogen and carbonyl oxygen of neighbouring loop 

15  

P217L 18 B loss of proline-induced main-chain geometry in a coil 16  

G219R 0 B disruption of hydrophobic core due to severe steric clash caused by the introduction of 
bulky side-chain and loss of conformational freedom of main-chain torsion angles 

17  

V222M 0 B steric clash due to increased size of side-chain and destabilization of  hydrophobic core 18  

R224P 

4 B 

main-chain torsion angle distortion, loss of basic residue involved in stabilizing H-
bonding interactions with an acidic side-chain and two main-chain carbonyl groups, 
and structure perturbation caused by steric clash due to introduction of bulky side-
chain 

19  

R224Q 20  

R224W 21  

T234K 
3 B loss of stabilizing H-bond and severe perturbation of hydrophobic core due to 

introduction of bulky polar side-chains 

22  

T234R 7  

A237V 8 B steric clash due to increased size of side-chain within hydrophobic core  23  

A242V 1 B steric clash due to increased size of side-chain within hydrophobic core  13 

L246R 0 B severe steric clash and disruption of hydrophobic core by introduction of bulky polar 
side-chain 

24  

L248P 5 B β-strand main-chain torsion angles incompatible with proline geometry; loss of β-sheet 
stabilizing H-bond 

13 

G259V 2 B loss of conformational freedom of main-chain torsion angles and steric clash due to 
introduction of side-chain within hydrophobic core 

13 

E262K 0 B 
steric clash and disruption of stabilizing H-bonding network established between N-
terminal β-sheet domain and catalytic domain by substitution of acidic side-chain by 
larger and basic side-chain 

17 

P266S 58 E loss of proline-induced main-chain geometry in a coil 25  

T271A 8 B loss of stabilizing H-bond  19 



R281W 15 B 
loss of basic residue involved in stabilizing H-bonding interaction with a main-chain 
carbonyl group of the catalytic domain and structure perturbation caused by steric 
clash due to introduction of bulky side-chain 

18 

P285R 
3 B 

loss of proline-induced main-chain geometry in a coil, severe steric clash with catalytic 
domain due to introduction of a bulky side-chain and/or perturbation of hydrophobic 
core by introduction of polar side-chains 

6 

P285S 13 

L291F 

0 B disruption of hydrophobic core by introduction of bulky or polar side-chain; main-
chain geometry distortion by introduction of proline 

13 

L291H 13 

L291P 13 

Y292C 0 B loss of large side-chain participating in stabilizing π-stacking interactions with catalytic 
domain 

26  

G293R 1 B 
structure perturbation owed to severe steric clash with catalytic domain due to the 
introduction of bulky side-chain and loss of conformational freedom of main-chain 
torsion angles 

6  

H295Q 0 B loss of stabilizing H-bond between N-terminal β-sheet domain and catalytic domain 27  

Y298S 0 B loss of large side-chain participating in stabilizing π-stacking interactions and 
introduction of hydroxyl group into hydrophobic environment 

8 

L299R 
1 B severe disruption of hydrophobic core by introduction of bulky and polar side-chain or 

main-chain geometry distortion by introduction of proline 

28 

L299P 13 

S306L 27 B surface-exposure of hydrophobic residue 29 

H308L 
1 B loss of side-chain participating in stabilizing H-bond and π-stacking interactions or β-

strand main-chain torsion angles incompatible with proline geometry 

15  

H308P 6  

G309R 0 B structure disruption caused by severe steric clash due to the introduction of bulky side-
chain and loss of conformational freedom of main-chain torsion angles 

30  

L312R 1 B severe disruption of hydrophobic core by introduction of bulky and polar side-chain 6  

N316I 1 B loss of stabilizing H-bond between N-terminal β-sheet domain and insert II and 
introduction of hydrophobic side-chain into polar environment   

7  

M318K 
0 B perturbation of hydrophobic environment by introduction of polar side-chains 

13 

M318T 31  

P324L 19 B loss of correct main-chain geometry in proline-rich coil 15 

W330G 3 B loss of large side-chain participating in stabilizing π-stacking interactions within 
hydrophobic core 

32 

G334S 3 B structure perturbation caused by steric clash and loss of conformational freedom of 
main-chain torsion angles 

33  

G335E 
5 B severe structure perturbation caused by steric clash due to the introduction of bulky 

side-chains and loss of conformational freedom of main-chain torsion angles 

7 

G335R 13 

P347R 0 B 
severe disruption of hydrophobic core by introduction of bulky and polar side-chain, 
steric clash with proximal β-sheet domain and loss of proline-imposed structural 
rigidity of succeeding α-helix  

13 

V350M 0 B severe steric clash due to increased size of side-chain and destabilization of 
hydrophobic core 

18 

L355P 1 B disruption of α-helical structure by helix-breaking proline; loss of stabilizing van der 
Waals interactions with catalytic domain 

6  

P361L 1 B severe steric clash and loss of correct main-chain geometry in proline-rich coil 34  

W367R 2 B structure perturbation owed to steric clash and loss of extensive stabilizing π-stacking 
interactions   

35  



L369P 0 B perturbation of hydrophobic core due to larger side-chain and disruption of α-helical 
structure by helix-breaking proline 

36  

H372L 0 B loss of stabilizing H-bonding interactions 37  

L373R 0 B severe disruption of hydrophobic core due to introduction of bulky and polar side-
chain 

29 

C374R 1 B structure perturbation owed to severe steric clash due to introduction of bulky side-
chain 

6  

R375L 
11 B loss of large basic side-chain establishing H-bonds with three carbonyl groups 

stabilizing a loop close to the active site 

14 

R375H 38 

G377R 28 B loss of conformational freedom of main-chain torsion angles in  loop 39  

P397L 3 B disruption of hydrophobic core due to larger side-chain and loss of well conserved 
proline residue imposing main-chain geometry in coil 

7 

Q401R 0 B structure perturbation owed to severe steric clash due to introduction of bulky side-
chain 

14 

D404N 4 B loss of well conserved acidic residue interacting with substrate in substrate-binding 
subsite -1 

40  

L405P 3 B disruption of active site by main-chain geometry distortion due to introduction of 
proline 

6  

D406N 16 B loss of H-bonding interaction with main-chain nitrogen within a loop participating in 
active site architecture   

18 

M408I 
3 B loss of π-stacking interactions and perturbation of hydrophobic core near the active site  

41  

M408V 17 

D413E 2 B steric clash due to introduction of larger side-chain leading to perturbation of the active 
site 

42  

D419V 84 E surface-exposure of hydrophobic residue 7 

R437C 15 B loss of side-chain participating in stabilizing H-bond and π-stacking interactions 34 

M439K 0 B disruption of hydrophobic core by introduction of polar side-chain 25 

V442M 2 B steric clash due to increased size of side-chain and destabilization of  hydrophobic core 12  

A445P 7 B main-chain geometry distortion due to introduction of proline and destabilization of 
insert I 

43  

Y455F 
5 B loss of H-bond and/or π-stacking interactions stabilizing a long loop contributing to 

active site architecture 

6  

Y455C 11  

P457H 
6 B disruption of hydrophobic core due to the introduction of larger and polar side-chain 

and loss of proline-imposed structural rigidity of following α-helix 

7 

P457L 13 

D459N 25 B 
perturbation of complex hydrogen-bonding network involving the Asp side-chain and 
two main-chain nitrogens of an adjacent surface loop stabilizing the overall scaffold of 
insert I 

8 

G461S 0 B perturbation of hydrophobic core due to introduction of polar side-chain, steric clash 
and loss of conformational freedom of main-chain torsion angles 

13 

V466G 
0 B 

loss of stabilizing van der Waals interactions and too much conformational freedom of 
main-chain torsion angles or disruption of hydrophobic core due to steric clashes 
caused by the introduction of a bulky side-chain  

35 

V466F 13 

N470T 16 B loss of glycosylation site affecting enzyme processing and trafficking and loss of H-
bonding interaction within surface loop stabilizing insert I 

18 

G478R 0 B severe structure perturbation caused by steric clash due to the introduction of bulky 
side-chain and loss of conformational freedom of main-chain torsion angles 

44  



K479N 48 E apparently harmless substitution of polar by polar side-chain on the protein surface 8 

W481R 29 B loss of stabilizing van der Waals interactions adjacent to substrate-binding subsite -1 
and steric hindrance to substrate binding due to longer side-chain 

45  

P482R 
25 B severe structure perturbation owed to steric clash introduced by larger side-chains and 

loss of proline-induced main-chain geometry within a coil structuring the active site 

13 

P482L 11  

G483V 
27 B loss of conformational freedom of main-chain torsion angles within a coil structuring 

the active site and/or surface-exposure of a hydrophobic residue  

13 

G483R 13 

A486P 0 B β-strand main-chain torsion angles incompatible with proline geometry and 
introduction of steric clashes 

16 

F487S 0 B disruption of hydrophobic core due to loss of stabilizing van der Waals interactions and 
introduction of a polar side-chain 

13 

D489G 
3 B 

perturbation or loss of complex stabilizing hydrogen-bonding network involving the 
well conserved Asp side-chain and main- and side-chain atoms of surface loops 
anchoring insert I onto insert II 

29 

D489N 43 

F490L 3 B loss of stabilizing π-stacking and van der Waals interactions within the hydrophobic 
core 

18 

W499R 0 B loss of stabilizing van der Waals interactions and perturbation of hydrophobic core due 
to introduction of long and polar side-chain 

27 

G514R 0 B severe structure perturbation caused by steric clash due to the introduction of bulky 
side-chain and loss of conformational freedom of main-chain torsion angles 

46  

M515K 1 B disruption of hydrophobic core by introduction of polar side-chain 47  

M519T 
3 B loss of stabilizing π-stacking and van der Waals interactions adjacent to substrate-

binding subsite -1  

44  

M519V 48  

E521K 
1 B loss well-conserved Glu involved in complex hydrogen-bonding network stabilizing 

the active site architecture 

49  

E521Q 13 

P522A 

0 B 
perturbation of hydrophobic core due to the introduction of larger and polar side-chains 
and/or loss of proline-induced main-chain geometry within a coil structuring the active 
site 

50  

P522S 13 

P522T 46 

S523Y 2 B 
loss of stabilizing H-bond to Asp282 from the N-terminal β-sheet domain involved in 
substrate binding and steric hindrance to substrate binding in subsite +1 due to 
introduction of longer side-chain 

7  

F525Y 37 B perturbation of active site architecture by loss of stabilizing van der Waals interactions 
due to the introduction of a polar group  

19 

P545L 3 B steric clash due to the introduction of larger side-chain and loss of proline-induced 
main-chain geometry within proline-rich coil in insert II 

51  

G546R 18 B 
severe steric clash with portions of the N-terminal β-sheet domain due to the 
introduction of bulky side-chain and loss of conformational freedom of main-chain 
torsion angles within proline-rich coil in insert II 

52  

G549R 69 E loss of conformational freedom of main-chain torsion angles within proline-rich coil in 
insert II 

6  

L552P 1 B 
main-chain geometry distortion of coil in insert II due to introduction of proline and 
loss of stabilizing van der Waals interactions between insert II and the N-terminal β-
sheet domain   

53  

T556A 1 B loss of H-bond stabilizing long coil in insert II 54  

I557F 0 B destabilization of hydrophobic core caused by steric clashes due to introduction of 
bulky side-chain 

19 



C558S 4 B loss of stabilizing disulfide bridge 55  

S566P 21 B loss of H-bond stabilizing insert II and main-chain geometry distortion of coil due to 
introduction of proline 

56  

H568L 0 B loss of stabilizing H-bonding network and introduction of hydrophobic residue into 
polar environment 

57  

N570K 12 B disruption of stabilizing H-bonding network 13 

H572Q 0 B loss of stabilizing H-bonds 13 

N573K 
1 B loss of well conserved Asn involved in stabilizing H-bonding interaction and formation 

of steric clashes due to introduction of larger side-chains 

29 

N573H 13 

Y575C 
1 B loss of large side-chain participating in stabilizing H-bond and π-stacking interactions 

7 

Y575S 6  

G576R 

0 B 
severe structure disruption owed to steric clashes due to the introduction of more or 
less bulky side-chains and loss of conformational freedom of main-chain torsion angles 
required for termination of preceding α-helix 

29 

G576S 58  

G576D 13 

E579K 0 B apparently harmless substitution leading to the formation of a favourable H-bonding 
interaction 

6 

S583F 0 B loss of stabilizing H-bond and disruption of adjacent hydrophobic core due to 
introduction of bulky side-chain 

13 

R585K 
46 E apparently harmless substitution at the protein surface, apart from surface-exposure of 

hydrophobic methionine 

13 

R585M 15 

R594H 
6 B 

loss of large basic side-chain establishing inter-domain stabilizing H-bonds with two 
main-chain carbonyl groups and two acidic side-chains; main-chain geometry 
distortion and steric clash caused by introduction of proline 

7 

R594P 13 

S599Y 0 B severe overall structure perturbation caused by steric clashes due to introduction of 
bulky side-chain 

14 

R600C 

2 B loss of conserved residue structuring the active site and responsible for substrate 
binding in subsite +1   

59  

R600H 60  

R600L 46 

S601L 
0 B disruption of active site architecture by loss of stabilizing H-bonding network and/or 

by steric clash due to introduction of bulky side-chain 

29 

S601W 35 

T602A 0 B loss of stabilizing H-bond within the β-barrel of the catalytic domain 7 

G605D 7 B 
loss of conformational freedom of main-chain torsion angles required for initiation of 
α-helix and steric clash with N-terminal domain due to introduction of side-chain 
(conserved Gly) 

61  

G607D 2 B loss of conformational freedom of main-chain torsion angles and severe structure 
perturbation by steric clash due to introduction of side-chain 

6 

A610V 2 B severe structure perturbation by steric clash due to introduction of larger side-chain 50  

G611D 0 B loss of conformational freedom of main-chain torsion angles and severe structure 
perturbation by steric clash due to introduction of side-chain 

29 

H612Q 
0 B loss of stabilizing H-bonding network or disruption of (β/α)8-barrel core by 

introduction of larger side-chain 

43 

H612Y 16 

T614K 1 B structure disruption near the active site by steric clash due to introduction of long side-
chain 

13 



G615R 
0 B 

severe disruption of active site architecture by steric clashes due to the introduction of 
bulky side-chains and loss of conformational freedom of main-chain torsion angles 
(conserved Gly) 

60  

G615E 57  

D616N 22 B loss of catalytic acid/base 10 

S619R 
13 B loss of stabilizing H-bonding network and structure perturbation by steric clashes due 

to introduction of more or less bulky side-chains 

58  

S619N 62  

S627P 3 B loss of stabilizing H-bonding network and disruption of α-helical structure by helix-
breaking proline 

7 

N635K 
1 B disruption of complex stabilizing H-bonding network established between the catalytic 

domain and the proximal β-sheet domain 

16 

N635D 18 

G638V 
2 B 

severe structure disruption owed to steric clashes with N-terminal β-sheet domain due 
to the introduction of more or less bulky side-chains and loss of conformational 
freedom of main-chain torsion angles required for termination of preceding α-helix 
(conserved Gly) 

37 

G638W 
63  

V642D 0 B disruption of hydrophobic core by introduction of charged side-chain 64 

G643R 0 B severe structure disruption by steric clash due to introduction of bulky side-chain and 
loss of conformational freedom of main-chain torsion angles 

65  

A644P 3 B main-chain geometry distortion by introduction of proline 11  

D645N 

0 B loss of strictly conserved residue helping to forge the active site architecture 

66 

D645E 67  

D645H 68  

D645Y 11 

C647W 0 B loss of stabilizing disulfide bridge and severe structure perturbation due to steric clash 
caused by the introduction of bulky side-chain 

69  

G648D 
0 B severe structure disruption by steric clashes due to introduction of side-chains and loss 

of conformational freedom of main-chain torsion angles (conserved Gly) 

70  

G648S 66 

T653N 17 B structure disruption by steric clash due to introduction of longer side-chain 20 

S654P 44 E main-chain geometry distortion by introduction of proline 8 

R660H 
1 B loss of well-conserved basic residue establishing stabilizing H-bonds with carbonyl 

groups of the proximal β-sheet domain  

58  

R660C 35 

W661G 0 B loss of large side-chain participating in stabilizing H-bond and extensive π-stacking 
interactions 

13 

M671R 0 B severe disruption of hydrophobic core by introduction of bulky and charged side-chain 39 

R672Q 
0 B 

loss of well-conserved basic side-chain participating in stabilizing salt-bridge and π-
stacking interactions and/or structure perturbation by steric clash due to the 
introduction of bulky side-chain 

66 

R672W 66  

E689K 53 E apparently harmless substitution of charges on the protein surface 71  

R702C 

1 B loss of well-conserved basic residue establishing a complex stabilizing H-bonding 
network with four main-chain carbonyl groups from different structural elements  

72  

R702H 73  

R702L 29 

T711R 3 B loss of stabilizing inter-domain H-bond and structure disruption by steric clash with the 
distal β-sheet domain due to introduction of bulky side-chain 

73  



L712P 11 B disruption of α-helical structure by helix-breaking proline 13 

V723M 0 B disruption of hydrophobic core between catalytic and proximal β-sheet domain by 
introduction of larger side-chain 

73 

A724D 0 B disruption of hydrophobic core between catalytic and proximal β-sheet domain by 
introduction of larger and charged side-chain 

74  

R725Q 

1 B 

loss of basic residue establishing a complex stabilizing salt-bridge and H-bonding 
network with acidic and polar side-chains and a main-chain carbonyl group; main-
chain geometry distortion by introduction of proline; structure perturbation by steric 
clash due to the introduction of bulky side-chain 

18 

R725P 8 

R725W 65  

L729R 1 B disruption of hydrophobic core between proximal β-sheet domain, catalytic and N-
terminal β-sheet domain by introduction of large and polar side-chain 

75  

T737N 0 B perturbation of stabilizing H-bonding network and structure disruption by steric clash 
due to introduction of longer side-chain 

13 

Q743K 
3 B perturbation of stabilizing H-bonding network and structure disruption by steric clash 

due to introduction of longer side-chains 

7 

Q743R 42 

W746G 

0 B 
loss of stabilizing H-bond and van der Waals interaction in the hydrophobic core 
between the proximal β-sheet and the catalytic domain and/or disruption of the 
hydrophobic core by introduction of polar or charged residues 

19 

W746S 13 

W746R 36  

W746C 8 

W746L 18 

G759A 72 E loss of conformational freedom of main-chain torsion angles in surface loop 76  

E762K 60 E apparently harmless substitution of charges on the protein surface 10  

Y766S 
2 B loss of large side-chain participating in stabilizing H-bond and π-stacking interactions 

77  

Y766C 78  

P768R 1 B 
severe structure perturbation by steric clash due to the introduction of bulky and polar 
side-chain into a hydrophobic environment and loss of proline-induced main-chain 
geometry  

44  

W772R 0 B disruption of hydrophobic core by introduction of charged side-chain and loss of 
stabilizing van der Waals and π-stacking interactions 

79  

D774N 18 B apparently harmless substitution at the protein surface 80  

H799Y 66 E apparently harmless substitution at the protein surface 80 

R819P 20 B β-strand main-chain torsion angles incompatible with proline geometry, introduction of 
steric clash disrupting β-sheet structure and loss of stabilizing H-bonding interactions 

29 

L843P 0 B 
β-strand main-chain torsion angles incompatible with proline geometry, introduction of 
steric clash disrupting β-sheet structure and loss of stabilizing van der Waals 
interactions 

29  

A880D 2 B perturbation of hydrophobic environment by introduction of charged side-chain 81 

L901Q 1 B severe perturbation of hydrophobic environment by introduction of polar and larger 
side-chain 

82  

V916F 2 B severe disruption of hydrophobic environment by introduction of bulky side-chain 7 

Y928C 19 B loss of stabilizing H-bonding interactions 29 

L935P 0 B 
β-strand main-chain torsion angles incompatible with proline geometry, introduction of 
steric clash disrupting β-sheet structure and loss of stabilizing van der Waals 
interactions 

13 



V949D 0 B perturbation of hydrophobic environment by introduction of charged side-chain 83  

 

Overall 213 point mutations of 160 residues. List of missense mutations retrieved from The 
Human Gene Mutation Database, HGMD (http://www.hgmd.cf.ac.uk/ac/index.php) 
*ASA: percentage of accessible surface area of each residue calculated with the program 
Aereaimol84 
# B/E: buried/exposed: residues are considered to be buried if ASA is less than 10% and to be 
solvent exposed if the ASA value exceeds 40%. 
  



       

 

 
Supplementary Table 2 | Substrate specificity of rhGAA. Steady state kinetic constants of 
rhGAA acting on 4Np-Glc, maltose, isomaltose, bovine glycogen and rabbit glycogen. 
Kinetic data were calculated as the average of at least two experiments and were plotted and 
refined with the program Prism 5.0 (GraphPad Software, San Diego California USA). 
 
  

 
Substrate 

 
VMAX 

(U mg-1) 

 
kcat 
(s-1) 

 
KM 

(mg ml-1) 

 
kcat/KM 

(s-1 mg-1 ml) 
 

 
4NP-Glc 
 

 
4.3 ± 0.2 

 
7.9 ± 0.3 

 
1.9 ± 0.3 

 
4.2 

 
Maltose 
 

 
97.1 ± 7.6 

 
178.0 ± 13.9 

 
14.0 ± 2.7 

 
12.7 

 
Isomaltose 
 

 
3.3 ± 0.2 

 
6.1 ± 0.4 

 
16.5 ± 3.3 

 
0.4 

 
Bovine glycogen 
 

 
27.3 ± 3.5 

 
50.1 ± 6.4 

 
69.6 ± 7.9 

 
0.7 

 
Rabbit glycogen 
 

 
15.4 ± 2.3 

 
28.2 ± 4.2 

 
87.0 ± 23.3 

 
0.3 

!



 
 
 
 

 

 
 

Supplementary Table 3 | Analysis of the effect of the pharmacological chaperone NAC 
on the rhGAA precursor and the matured form. The table shows the melting temperatures 
and their relative shifts in absence and in presence of NAC. Thermal scans were performed in 
triplicate and fluorescence was normalized to the maximum value within each scan to obtain 
relative fluorescence. Melting temperatures were calculated according to Niesen et al., 20074. 
The standard deviations for each melting temperature were calculated from three replicates.  

 
 

  

rhGAA forms rhGAA precursor rhGAA matured 

-NAC +NAC -NAC +NAC 

Half point Temperature 
(Tm °C) 

47.1 ± 0.4 60.3 ± 1.8 49.6 ± 0.3 60.3 ± 0.3 

Stabilization (ΔTm °C)  - 13.2 ± 1.8 - 10.7 ± 0.6 

!



 
 
 
 

 
 
 

Supplementary Table 4 | Analysis of the effect of pharmacological chaperones on α-
glucosidase from rice. The Table shows the melting temperatures and their relative shifts in 
absence and in presence of the pharmacological chaperones NAC and DNJ. Thermal scans 
were performed in triplicate and fluorescence was normalized to the maximum value within 
each scan to obtain relative fluorescence. Melting temperatures were calculated according to 
Niesen et al., 20074. The standard deviations for each melting temperature were calculated 
from three replicates.  

 
 

 

 

  

Stability parameter 
 

Pharmacological chaperones 

 -- NAC 
(10 mM) 

DNJ 
(0.1 mM) 

 
Half point temperature 
(Tm °C) 
 
 

 
68.9 ± 0.2 

 
70.0 ± 0.2 

 
78.5 ± 0.1 

Stabilization (ΔTm °C) 
 

 
 

1.1 ± 0.4 9.6 ± 0.3 
 

!
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